Some properties of parameters of Lorentz matrices
and transitivity equations
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Abstract. In the context of applying the Lorentz group theory to polar-
ization optics in the frames of Stokes—Mueller formalism, some properties
of the Lorentz group are investigated. We start with the factorized form
of arbitrary Lorentz matrix as a product of two commuting and conjugate
4 x 4-matrices, L(q,q) = A(qa)A*(q2); a = 0,1,2,3. Mueller matrices
of the Lorentzian type M = L are pointed out as a special sub-class in
the total set of 4 x 4 matrices of the linear group GL(4,R). Any arbi-
trary Lorentz matrix is presented as a linear combination of 16 elements
of the Dirac basis. On this ground, a method to construct parameters g,
by an explicitly given Lorentz matrix L is elaborated. It is shown that
the factorized form of L = M matrices provides us with a number of
simple transitivity equations relating couples of initial and final 4-vectors,
which are defined in terms of parameters g, of the Lorentz group. Some
of these transitivity relations can be interpreted within polarization op-
tics and can be applied to the group-theoretic analysis of the problem of
measuring Mueller matrices in optical experiments.
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1 On establishing the parameters of Lorentz
matrices from their explicit form

In the context of applying the Lorentz group theory to polarization optics in the frames
of Stokes—Mueller formalism, some properties of the Lorentz group are investigated
(see [3]-]9]; the notation according to [2, 9] is used). We start with a factorized
representation for Lorentz matrices!

(1.1) [L,"(¢,q") | = A(9)A™(q) »
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where
@ —q1 —q2 —qs % —a7 —95 —a3
Qg iq3 iq 9 9 g3 —igs
—q1 0 —tq3 2 —41 0] 3 Y42

_ * _

(1.2) Alg) = . . A= I,
—q2 193 qo —1q1 —Qqs —193 g iqq
—g3 —ig2 iq1  qo —¢ ig —id q

We shall prove that one can easily construct matrices for which the complex vectors
g and ¢* are eigenvectors. Indeed, the following identities hold?

With the use of the special element

1 0 0 0
s_l o -1 0 o
10 0 -1 0 ’
0 O 0 -1
the relations from (1.3) read
(1.4) dLq=q, O0Lq =q,

whence, through an elementary process we get

OLOLgq=0Lqg" =gq, OLOSLqg"=0Lq=q",
ie.,
(1.5) Q=0@L?, Qi=q, Q¢ =q".

Allowing the pseudo-orthogonality of Lorentz transformations®, i.e., L§ = (L)
the matrix () may be represented as

—1
’

(1.6) Q=(LH'L.

In particular, for the orthogonal subgroup of rotations, we have

(1.7) L:(ég), (L) =1L, Q:L2:<(1)002)7

with OO! = I3, det O = 1. The explicit form for an arbitrary Euclidean rotation is

fixed by the parameters ¢y = ng, ¢; = —in;, so that
no inl ing ing o —Z"I’Ll —ing —ing
I — inl ng —Ns3 %) —inl no —Nns3 %) o 1 0
in2 ns ng —ni 77;7?,2 ns Un) —n1 0 O ’
i?’Lg —MNo niy no —ing —nNg ny no

2We denote q = (g0,9) = (q0,91, 92, q3), and recall that we further assume that qg —q? = +1,

where g2 = (q, q).
3We further denote by the right superscript ¢ the action of the transposition operator.
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where

1 —2(n +nj) —2ngns + 2nings  +2ngno + 2n1n3
(1.8) O= | +2nons+2niny 1—2(n3 +n?) —2ngny + 2nong
—2ngng + 2n1nz  +2ngng + 2ngnz 1 — 2(n? +n3)

The 4 x 4-matrix L acts on the 4-vector n, according to

(1.9 (0 0)()=()

Now let us consider arbitrary pseudo-Euclidean rotations — these are fixed by the
parameters go = mo , ¢j = m; , mj —m?* = +1.
By denoting e = (eg, ea, €3), we have

(1.10) mo = cosh(x/2) , m; = sinh(x/2) e;, =1,
so we get the following representation
(1.11)
cosh y — sinh ye;q — sinh xes — sinh yes
| - sinhxe; 1+ (coshy —1)e? (coshz — 1)ejes (coshz — 1)ejes

—sinhxes  (coshx —1)ejes 1+ (coshy —1)e2  (coshx — 1)eses
—sinh xes  (cosha — 1)ese; (coshx — 1)ezes 1+ (coshx — 1)e2

Then, we readily find by direct calculation that

(1.12) Q=(0L)*=

[eslieniN el
o o = O
O = OO
_= o O O

This identity can be proved in a different way. Since the pure Lorentz transformation
is given by some symmetrical matrix, the relation (1.6) takes the form

(1.13) Q=IH'L=L""L=1,

which coincides with (1.12).
We shall further explicitly describe the case when the arbitrary Lorentz matrix is

given by blocks L = (£ IV):
block (K)
Loo = (q0q5 + 1 47) + (245 + 43 43) , Lot =—(qo¢i +a145) +i(q2a3 —a343),

Lio=—(qd +a145) —i(2a¢5 — ¢365), Lin=(q0q +014qi) — (0206 +a363);

block (M)

Loy = (q0q5 — 1 47) + (245 — 43 43) , Loz =i(qoqi —a1q5) + (0205 + 43 03) »
Lso=—i(qoaqi —1a5)+ (23 +a3a5), Lszs=(q0a¢ —a1di) — (263 —q343);



54 E. Ovsiyuk, O. Veko, M. Neagu, V. Balan, V. Red’kov

block (N)

Loy =—(q05 +a245) —i(q1 a5 —asq7), Los=—(q0¢5 +a345) +i(01 a5 —q241),

Lis=1i(00q3 —a3q5) + (15 +q247), Liz=—i(qe —q2q)+ (q1635 +9347);
block (L)

Lo = —(q0a5 +q245) +i(q1q5 —a3qi), Lot =—i(qoq3 —q345) + (a1 a5 +q247),

Lo = —(q0¢5 +93q5) —i(q195 —q247), La1=1i(9005 —q295) + (0165 +q347)

A definite ordering structure will be seen in the matrix L, if one decomposes L into
symmetric S and skew-symmetric A parts:*

Soo=Loo=qoq + 0147 + 929 +q343 , Su=Liui=qq+ad —ws—9349,
S22 =qoqs + 920 — 147 — 9345 S33=qoqy +q3q3 — 141 — G2 G5

Sor = —(q0q1 +a5q1) s So2 = —(9045 + 5q2) , Soz = —(q0q3 + q043)
Si2 =q1¢5 +491¢2 , Si3=q1q3 +q1q3 , Sa3 = q2q5 + 4593 ,

Aot = i(q2q3 — ¢593) » Aoz = i(g39] — @3q1) , Aoz =i(1q5 — 41 q2) ,
Ao = —i(g3qy — 3q0) , A1z = +i(q2q0 — ¢590) » A2z = —i(q1q5 — 41 qo) -

We easily get®
Soo + S11 + Sa2 + S33

1
Q6 = koky = ;Sp L =

4 )
Q% = qiq; = Soo + S11 —lSpL: Soo + S11 — S22 — S33 ’
2 4 4
Q2 = gl = Soo + S22 lSpL _ Soo + S22 — S11 — Sa3 ’
2 4 4
(1.14) Q2 = gsqs = Soo + Ss33 ESp I— Soo 4 S33 — S11 — S22 ’
2 4 4
Then, by means of the identities
So1 +iA23 = —2qoq7 , Sos + iAo = 2¢5q3 ,
So2 +iAz1 = —2qoq5 , Ss1 + 1Az = 2q3q1 ,
(1.15) So3 +iA12 = —2qoq3 , S12 + iAoz = 2q1q2
or, using the complex polar representation,®
So1 + A2z = —2Q0Q1€i(a0_a1) , Saz + 1Ag1 = 2Q2Q36i<_a2+a3) s
Soz 4 iAz1 = —2QoQ2e’ 02 | Sa1 4+ iAge = 2Q3Qqe T3 )
(116) So3 + iA12 = —QQOQSei(‘XO*OQ) , 512 + iAOS — 2Q1Q2ei(*a1+a2) X

4Cf. 3], L =S+ A, with S = St, A = —At.
5We denote by Sp the trace of the corresponding matrix.
SHere, we denote Qi = abs (qx), and ag = arg(qx)-
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By using three of these equations, we express the phases oy, as, ag through aq:

2
et = —72620621 el = a1 = —7262.1 4o »
So1 + i Aa3 So1 + i Asa3
2
el = __200@a eloo = G2 = S 90 ,
Soz + 1A31 Soz2 +iAs1
; 2Q0Q3 203
117)  eios = - %098 iw _ e
( ) Sos + 1A12 * Soz +iA12 %

Now, it remains to consider the basic restriction on parameters g3 — q? = +1 ; so we
get

4@4 4Q4 4Q4
1.18) ¢2 |1— 1 - 2 — 3 =+1.
(1L18) 4 [ (So1 +1A23)%  (Soz +iA31)%>  (So3 +1iA12)?
Thus, we find ¢q:
4 4 4 -1/2
S . —
(So1 +iAs3) (So2 +iA31) (Sos +iA12)

and then arrive at expression of ¢; in terms of go, So;, A;; and Q; (j =1,3):

202 203 203

120) g1 = ——2L g0 gy = — —__ s
(1.20) a1 So1 + iAo3 > & Soz +iA12 1

2 On identifying Lorentz—Mueller matrices within
the total linear group GL(4,R)

The Mueller matrices of Lorentzian type M = L form a real subgroup of the total
linear group GL(4,R)

ko+ ko nog+ nao
(2.1) G- 7

lo+15 mo + mdo

where kg = kols and o9 = Iz, k = (k1, ko, k3) and & = (01,02,03). To any G of
the form (2.1), there corresponds a natural invariant, its determinant (whose explicit
form in such a parametrization was given in [9]):

det G = (kk) (mm) + (nn) (lI) — 2 (kn) (ml) —
(2.2) 2(—kon+nok+ikxn)(—mogl+lpm+imxl),

where the notation (kk) means (kk) = k3 — k2, etc.

In [7, 5, 6], a special classification for degenerate matrices with vanishing deter-
minant was developed; only part of them may be of Mueller type. This class of
degenerate matrices is not considered here.
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Considering the above Lorentz—Mueller matrix as consisting of four blocks

ko+ks ki—ika no+mns n1 — N2
Ky k1 + 1tk ko — k3 ni + ing ng — N3 _ K N
(2.3) L(q’ q ) B lo + 13 11 —ils mo+ms  mi—ims B ( L M ) ’

l1 + il lo—1l3 mi+ime mo—msa

we can find the associated 16 coefficients k,m,n,l by fixing an arbitrary matrix
L(q,q*). We shall use the explicit form for elements of the matrix L. It is convenient
to introduce the change of variables

ko — ik‘g, Mo =—> 1My, No = N9, lo = 1ily .

After some simple calculation, we get

ko =qoqs +q1qi, ki=—(qoqi +q145),
ke=1i(q205 —3q3), ka=aq205+q333,
mo = qo 45 — q1 41 , mi1=q2q; +q3 95,

ma=14(goqi —q145), M3=—¢2¢5 —q3q3,

2lo=—(q0q3 +q295) +i(9095 — q290) +i(q1 935 — g3 q7) + (q1 45 + g3 q7),
(2.4) 2l3=—(q0q3 +9295) =i (9095 — q290) +i(q195 — g3 q7) — (q1 45 + g3 i),
20 =—i(qoq3 —a390) — (@5 +a30%) + (1 @5 +@247) —i (15 — q247)
2l =—i(gogs —q3q0) + (05 +a36) + (1 @5 +q247) +i(q1 g5 — q247)

2no=—(q0 5 +0245) —i(q0¢5 —q23) — i (1 @3 —q3¢7) + (@1 @3 + @3 q7)
2n3 = —(qo¢5 +q2q5) +i(q0 g5 — g2 q7) —l(tnqa —q3qi) — (13 +q347),
2n1 = —(q0q3 +q340) +i(00 a3 —@3@) +i( @5 —q2q1) + (1 @5 + g2 47)
2no=—(q0q3 +q395) —i(q0q3 — g3 @) +i(q1 a5 —q2q7) — (q1 @5 + g2 q7)

3 On the expansion of the Lorentz matrices in
Dirac basis

We can alternatively rephrase the previous problem: one can decompose the Lorentz
matrix in terms of the 16 Dirac matrices

(3.1) L, q) =2+ Z+~ Zi+~'9° Zi+ 0™ Zonn

where the 16 coefficients are given by the formulas
(3.2)

Z=1SpLg,q*), Z=1Sp+Lig.q),
Zr=1SpwL(e.q*), Zr=131SpYwLl(e.q"), Zm=-1%SponLl(g.q).
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After simple calculations we arrive at the formulas

(3.3)

Z=qq , Z=qqi,

Zoa =300 di — 1 46) — (205 — a3 a3)],

Zon=—3l00df + 0 @)+ (2@ +ae),

Zo = 5 [—(q0g5 + q245) + (q1 93 + ¢3 ¢7)] s

Zy = %[(QO% —@q¢)— (a6 —aaq),
Zy = — %(QOQ3—Q3QO+Q1Q2—Q2Q1)
Zy=—3i(—0 @ — G —a e —qqr),

N
IS)
&
Q

= qga 77:212:(12(1;7
)]

[~(0af +q1¢5) + (g2 65 + 93 ¢3)
(qz a3 —ngé‘)},

3
Z3 :%[ (qeth —tht]o)

(0@ +aaw)+ (e +aa),
(905 +a305) — (@5 + q241)],

Zo=—5[~(20d5 —:9) + (a1 6 — g247)].

On the ground of the formulas (3.3), one can develop a method to find the parameters
¢a by means of the coefficients in (3.1). Indeed, starting with (3.3), we note that

(34) Z=qoq;, Z=qq,
and then

Zo1 +1iZ23 = —q2q3 — G543 ,

Zo3 =q3 43 ,

—iZ12=q2¢5 ;

Zo1 — 1223 = —qoq] — qpq1 ,

Zoa +iZ31 = qoqi — qoqr s Zo2 — 12431 = —q2q3 + 4543 ,
which infers
(Zor — iZ23) + (Zoz +i231) = =2 qpq1 »
(Zo1 —iZ23) — (Zo2 +iZ31) = =2 qoq; »
(Zo1r +iZa3) + (Zo2 — iZ31) = =2 q2q3 ,
(3.5) (Zor +iZ23) — (Zoa — iZ31) = —2 ¢5q3 ;
then _ -
Zo—Zz= (g5 +41q3) , Zo+ Zz = —(q0% + 4392) »
Zo — Zs = i(qoqs — @542) »  Zo+ Zs =i(q1qh — q}as)
that is
(Zo — Z3) +i(Zo + Z3) = 2 ¢i g3
(Zo — Zs) — i(Zo + Z3) =2 145 »
(Zo+ Z3) +i(Zo — Z3) = —2 qog5
(3.6) (Zo+ Z3) —i(Zo — Z3) = —2 042 ;
and then
Iy +iZy = —i(q1gs — qiq2) , T —iZs = —i(qoa — G5a3) »
71 +iZy = qodi — ¢5as Zy—iZy = 4} + gz -
that is
(Z1 +iZs) +i(Z1 — iZs) = +2i ¢} g2
(Zy +iZs) —i(Z) —iZs) = —2i 145,
(Zy —iZs) +i(Z) +iZ2) = —2i qoq}
(3.7) (Z, — 222) I(Zl iZ2) = +2i q3qs -
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The previously produced formulas allow us to calculate the parameters for Lorentz
matrices. Indeed, let us take relations

Z=qq, q=vVZe",

1 . . 1
Q= T [(Zor — 1Z23) + (Zog +iZ31)) = — My,
qo dp
1 ~ = 1
©= 5 [(Zo + Z3) —i(Zo — Z3)] = %Mz :
o1 5 5 . 1
(38) q3 = —7127* [(Zl — ZZQ) — Z(Zl + ZZQ)] = 7M3 .
do do

With the us of additional quadratic restriction g3 — g% = 1, we derive the formulas

i Z _ \/Z i _ e
(39) e = i —_— qo = e s q] = ﬁ

72 _ M2’ M;
The expansion of the Lorentz matrices in the Dirac basis can be written as

j-

Z+Z+xmng, . "(Zy — Zn)

(3.10) L= ~ L ,
oc™(Zn + Zy) Z—Z+X""Zmn
where
Ja:(1a+0])7 Ua*(Iaio—-) ’Ya:(oaﬁoa)a

(3.11)

301 %(&001 —5lo%) = %01 , 302 _ %02 ’ 3203 _ %Js 7

212—%(6102—6201):—503, 223__%(717 231__5027
501 %(0051_0150):_5017 202__%02, 203__%(73’
12 %(0152_0251):_%037 523 _%0,17 231__%02.

Relation (3.10) reduces to the form

ZAZ 4ot Z] 402 Zy +o3 25 Zo—Zo—ai (Z;—Z;)
(3.12) L= ( o . . > ,
Zo+Zo+ol (Z;+2;) Z-Z—0'Z) —0%2f 32
where
2] = +Zo1 — i3, Zy = +Zy2 — i3, Zy = +Zo3 — 212,
(313) Zfr = Zog1 + 1253, ZSL = Zgo + 1231, Zgr = Zo3 + 1413 .
The matrix (3.12) can be considered as consisting of four blocks

(3.14) I = koﬁijO"j Tl0+’/lj0'jA .
l()-f—le'J mo-i-ij'j !
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and explicit expressions for the parameters are

ko=2Z+ 27, mo=2—2, kj=+Z; m; = —27
(3~]T§9=ZO—ZO7 lo=Zo+ Zo , nj:_Zj+Zja li=2;+72j;

and it can be readily verified that these coincide with (2.3).

4 On parameters of Lorentz—Mueller matrices and
transitivity relations

Let us start with the factorized form of Lorentz transformations

AA* =L =  A=L(A")"",
(4.1) A*A =1L = A*=LA".

whence we get

(4.2) L [(A*)_l—f—A_l} =A+ A", L [(A*)_1 —A_l] =A- A",
where
o - —G2 g3 % —4 —% —a3
A—| @ o —ig3s  1g2 Ao | @ Q% g5 —igs
= o . . ) - e ik * . % )
q2 1q3 q0 21 q2 1q3 do g
—q3 —ig2 i1 g0 —q3 g3 —igy %
q0 q1 q2 q3 4% q q a3
. s * * ik . %
A1 — q1 _'Qf) 43 Z.(I2 ’ (A*)fl _ (I}k IQQ Zqi _Z-qi
q2 1q3 qo g1 q2 1q3 do '
g3 i —iq 9 g3 —igy  igy 9%
For the special case of Euclidean rotation gy = ng , ¢; = —in;, the relations (4.2)
give
1 0 0 0 no 0 0 0 no 0 0 0
0 Lyy Lo Ly3 0 ng mn3 -n2 | _ 0 np -—-m3 mn2
0 L21 L22 L23 0 —ng o nq - 0 ns o —Nnq
0 Lz Lz L3 0 mny —-m1  ng 0 —-n2 m1  ng
1 0 0 0 0 Z"I’Ll ’L'ng in3 0 inl ing ing
0 L11 L12 L13 in1 0 0 0 . Z"fh 0 0 0
0 L21 L22 L23 i?’LQ 0 0 0 - ing 0 0 0
0 L31 L32 L33 ing 0 0 0 ’ing 0 0 0
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In fact, we have four transitivity relations

Lyy Lz Ly ng no
Loy Loy Los -n3g | = ng |,
L3; L3y L3 ng —nNa
Ly Lz Ly ng —n3
Loy Laz Lo ng | = no |,
L3y L3z L33 —n ni
Li1 Lia L3 —ng na
Loy Loy Los n |=| -m |,
L3 L3z L3 ng ng
Ly Lz Ly ny ny
(4.3) Lo1 Loy Los ng | =1 na |,
L31 L3z Lss ns ns
where
1—2(n3 +nd) —2ngns + 2nings  +2ngno + 2n1n3
(4.4) O= | +2nons+2ni1ny 1—2(n3 +n?) —2ngny + 2ngons |,

—2ngng + 2n1nz  +2ngng + 2ngonz 1 — 2(n? + n3)

where n3+n?+n%+n3 = 1. It can be readily verified that these four relations are valid
indeed. In the context of the problems of polarization optics, the most interesting is
the last one from (4.3)

nq nq
(45) O n9 = n9 ;
ns ns

However, all the four relations allow physical interpretation in the frames of polariza-
tion optics: they provide us with simple transitivity relations that describe the action
of an optical element on a specially chosen probe of light beams.

In a similar manner, one may consider the case of pseudo-Euclidean rotations
do = mg , ¢; = m;, whence (4.2) take the form

Loo Lor Loz Loz mo M1 M2 M3 mo —mi1 —m2 —ms3
Lio Lii Liz Lis m1 Mo 0 0 _ —m1 mo 0 0
Loo Lo1 Lao Los me 0 mo 0 o —ma 0 mo 0o |’
L3y Ls1 Lz2 L3z ms 0 0 mo —ms3 0 0 mo
Loo Lo1 Loz Loz 0 0 0 0 0 0 0 0
Lio Lii Li2 ILas 0 0 —ims imo | o 0 —ims imao
L20 L21 L22 L23 0 ’img 0 —iml - 0 im3 0 —im1
Lgo L31 L32 L33 0 —img iml O 0 —iMQ iml O

Using the explicit formulas

mo =ch x, m; = sh xey,
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where e = 1 which infer m$ — m? =1, we get

mg +m?2 —2mgm; —2moms —2moms
(4.6) I — —2momy 1+ Zm% 2mimeo 2mims
’ —2momso  2mims 1+2m3  2mams ’
—2moms 2msmq 2moms 1+ 2m§

and one can easily verify that such an equation holds indeed

mo M1 M2 M3 mog —myp —Mgy —M3
I mi; Mo 0 0 . —my mo 0 0
mo 0 mo 0 - —Ma 0 mo 0 ’
ms 0 0 mo —ms 0 0 mo
0 0 0 0 0 0 0 0
0 0 —img iTHQ o 0 0 —img img
(47) L 0 im3 0 —iml o 0 img 0 —im1
0 7Z.m2 im1 0 0 7Z‘m2 im1 0

Thus, there arise 7 non-trivial transitivity relations. Among the 7 vectors from (4.7),
only one (the first) is time-like

(4.8) mi—mi—m3—m3=1,

and the remaining ones are space-like; for instance, m} — m2 = —(1+m3 + m3) < 0.

In the context of polarization optics, only this 4-vector is of interest and can be
considered as representing the Stokes 4-vector.

mo mo
m —m
(4.9) L L = N
ma —m2
ms —ms3

and we may compare it with (4.5).

Now, let us turn to general case of arbitrary Mueller matrices of Lorentz type

(4.10)

{

LA '+ A7 =A+ A
L[(A) 1 — A1 =A— A"

Re-expressing the parameters (qo, g1, g2, ¢3) in terms of their real and imaginary parts,

we have
qo = Zo + 1Yo
(4.11) 45 = %3+
qo = To — 1o

*

q; = T; —1;

2 2 2

xg—ai —as — a3 —yg Tyl Hys s =1

ToYo — T1Y1 — T2Yy2 — x3ys = 0.
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i) X1 T2 I3 o —xX1 —To —T3
I T o —Ys Y2 _ —I Zo Ys —Y2
T2 Y3  To —Y1 —T2 —Y3 To Y ’
3 —Y2 n Zo —T3 Y2 — o
—Yo —Y1 —Y2 Y3 Yo —Yr Y2 Y3
(4.12) L —Y1 —Y —I3 T2 _ - Yo —T3 T2
—Y2 I3 —Yo —T1 —Y2 r3 Yo —Z1
—Y3 —I2 T —Yo —Y3 —I2 z1 Yo

Explicitly, the corresponding transitivity relations (4.10) read

Zo

/N N~ S~~~

pife) X1 —T1
T / —T1 o / To
f— 5 L = f— 5 = L f— =
o o Yo = o . 1 N 1 = s
T3 —x3 —Y2 Y2
T2 —T2 T3 —I3
=] P == ¥ | u=| | Lu=w=| P
o Zo —Y1 Y1
1 — xo xo
Yo —Y1 —Y1
Log=0)=| |, o=| % |, 10,=0| = vo I
—Y2 T3 x3
—Y3 ) —X2
—Y2 —Y2 —Y3 —Ys3
Do=| |, Le=0,=| T | = T2 Lo, =@l = r2
—Yo Yo —x1 -1
T x1 —%Yo Yo

It should be noted that the four cases describe transformations over 4-vectors which
change the sign of the zero component into the inverse one, therefore the corresponding
4-vectors are space-similar ones and these cannot describe Stokes 4-vectors. Indeed,

for an arbitrary time-similar vector, we have

I. t2 > 22

, t>x,

o e’ +e b

B _ o B

2 2

where instead, for a space-similar vector, we have

B

z>0;

5y

II. 2 < 22, t <, =t —t—c=—u =
. . By o—B 6 _ -5 25

possible t < 0, if edl—t < =, St < Z.

From these, only 4 vectors are of Stokes type: ¥g, &1, Py, Pg3.
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